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 
Abstract—The electrical characteristics and fast neutron 
response of a High Temperature Chemical Vapour Deposition 
(HTCVD) grown semi-insulating bulk SiC wafer has been 
measured. Current - Voltage measurements demonstrated a low 
leakage current in the region of 10-10 to 10-12 A with a bulk 
resistivity of at least 1012 - 1013 Ω.cm. Alpha particle spectroscopy 
measurements demonstrated an electron charge collection 
efficiency of up to 90% with reasonable reproducibility of the 
acquired spectra. Evidence of (incident particle) rate dependent 
polarisation was seen following a constant applied bias combined 
with alpha irradiation over a period of time (order of tens of 
minutes). The ability of the wafer to detect fast neutrons was 
demonstrated and a comparison drawn with the MCNPX 
simulated response of a bulk SiC device. Comparing the MCNPX 
simulated response of a bulk SiC device to that of a silicon device 
suggests a superior ability to detect fast neutrons with an 
intrinsic efficiency 1.7 times that of silicon. 
 
Index Terms— Neutron Detection, Silicon Carbide  
 
I. INTRODUCTION 
OLLOWING the events of September 11th, 2001, 
significant investment has been made into the 
development of technology for the application of active 
interrogation of ‘Special Nuclear Material’ (fissile material) 
[1]. Of particular interest is the detection of neutrons in a high 
gamma field (e.g. a photonuclear source) whilst minimising 
the potential for radiation damage of the detector. Excessive 
radiation damage can result in the degradation of the 
detector’s performance; in the case of semiconductors this can 
involve a combination of an increase in leakage current, 
decrease in the charge collection efficiency and removal of 
free carriers from the conductive regions of the device. 
Materials which display resistance to these effects at a high 
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irradiation dose are said to be radiation hard [2] [3]. 
Silicon Carbide (SiC) is a material well known for its 
increased radiation hardness and reduced gamma sensitivity 
compared to commercial silicon [3] [4]. This allows the 
material to be used for the detection of radiation even in the 
presence of a high irradiation fluence [5]. SiC has attracted 
interest not only for the application of active interrogation but 
as a detector material for use within the Large Hadron Collider 
(LHC) at CERN in Geneva [6]. Initial research into the 
application of this material for neutron detection proved 
problematic due to the large quantities of defects present in the 
commercially available material at the time. A recent 
development in the field of bulk SiC growth is a technique 
known as High Temperature Chemical Vapour Deposition 
(HTCVD), where crystals are formed from gases at 
temperatures above 2000 degrees. This technique is believed 
to be the key to producing high purity, large diameter SiC 
crystals in a cost effective manner.  
In the following paper the electrical characteristics of a semi-
insulating bulk SiC wafer grown by HTCVD are reported for 
the first time and the response of the material to fast neutron 
irradiation investigated. 
II. EXPERIMENTAL PROCEDURE  
A HTCVD grown, semi-insulating bulk 4H-SiC circular wafer 
(provided by Norstel AB) of diameter 50.8 mm and thickness 
350 μm was cleaned and diced into 7 × 7 mm squares. 
Circular platinum contacts (with no guard rings) were placed 
on nine of the squares, three of which were subsequently 
mounted on PCB boards. The mounted samples were 
designated A2475-1, A2475-2 and A2475-3, with A2475-1 
having the largest circular contact of diameter 4 mm, A2475-2 
having a smaller contact of diameter 3 mm and, A2475-3 
having the smallest contact of diameter 2 mm. The electrical 
characteristics of the mounted samples were investigated and 
the fast neutron response measured. 
1) Electrical Characteristics 
Current - Voltage (IV) measurements were carried out using 
a Keithley 487 picoammeter / voltage source. The voltage was 
increased in 5 V increments from -250 V to 250 V, the current 
allowed to stabilise over a 20 second period and 10 readings 
taken and averaged. Using the gradient of the obtained IV 
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plots in the region of -10 to 10 V an estimate of the SiC bulk 
resistivity of each sample was obtained.  
Using a 
241
Am alpha source with mean emission energy of 5 
MeV and activity of 185 kBq placed approximately at 3 mm 
distance from the sample, alpha spectra were acquired in a 
vacuum for 100 seconds at 50 V increments between a 
negative bias of 0 and 600 V. Bias to the mounted samples 
was provided by an ORTEC 659 5kV bias supply connected to 
an ORTEC 142IH preamplifier. The preamplifier was 
connected to an ORTEC 570 amplifier (set to a gain of  0.5, 
course gain of 200 and shaping time of 2 μs) which in turn 
was connected to an MCA to acquire the spectra. The obtained 
spectra were used along with an absolute system calibration 
(performed by injecting a known amount of charge by a pulse 
generator connected to a , 2.31 pF charge terminator at the  
detector input of the pre-amplifier and assuming an electron-
hole creation energy of 8eV [7] to convert a known charge 
signal into charge collection efficiency (CCE). Under these 
conditions CCE is defined as the ratio of charge induced in the 
external circuit to the total free charge created by the ionising 
event [8]. Due to the low range of the alpha particles in SiC, 
the maximum hole contribution to the measured CCE is less 
than 5 %. Using the Single Carrier Hecht Equation, Eq. (1) [9] 
a regression was performed on the obtained data points and an 
estimate of the electron mobility-lifetime product (µeτe) was 
obtained. 
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Where: µ is the charge carrier mobility, τ is the charge 
carrier lifetime, V is the bias and d is the sample thickness.  
In order to determine the ability of each of the samples to 
obtain consistent and reproducible spectra, duplicate spectra 
were collected one day after the initial spectra were obtained. 
During this one day interval the applied bias was switched off. 
Lastly, using sample A2475-2 alpha spectra were acquired at a 
negative bias of 400V at 15 minute intervals over the period of 
an hour and any evidence of polarisation recorded. Under 
these conditions polarisation is defined as a phenomenon 
resulting in a time-dependent decrease in the counting rate and 
CCE of a detector due to the capture of electrons by deep 
acceptors within the material, leading to a build up of space 
charge [9]. 
2) Fast Neutron Response 
Using a 
241
AmBe source with average neutron energy of 4.5 
MeV and flux of ~6 × 10
5
 neutrons per second (from the 
exposed surface of the source) housed within a shielded tank 
of water, the fast neutron response of the three mounted 
samples was investigated. In turn each sample was placed in 
an aluminium box with a thin aluminium window of thickness 
1.3 mm between the source and the sample. The box was 
suspended ~1 m above the 
241
AmBe source with a half 
submerged air tube between the box and the surface of the 
source. This allowed fast neutrons to be directed at the 
aluminium window of the box with minimal attenuation from 
water within the shielded tank housing the 
241
AmBe source.  
A negative bias of 600 V was applied to the sample, which 
was connected to an ORTEC 142IH preamplifier. Bias to the 
sample was provided by a Canberra 3102D high voltage 
power supply. The preamplifier was connected to a Canberra 
2020 spectroscopy amplifier which in turn was connected to 
an ORTEC Easy-MCA and personal computer. 
Neutron spectra were acquired for 62 hours, the applied bias 
switched off for 8 hours, the air tube removed, bias re-applied 
and background spectra acquired for a further 62 hours. The 
acquired background spectra were subtracted from the neutron 
spectra and the fast neutron response obtained for the three 
mounted samples.  
The Monte Carlo N-Particle Extended (MCNPX) Code was 
used to simulate the fast neutron response of a pure bulk SiC 
crystal (of the same size and active area of sample A2475-1) 
when irradiated by a 
241
AmBe source in air. The obtained 
MCNPX spectrum was used to draw a comparison between 
the predicted response of a pure sample of SiC to that of a 
HTCVD grown sample. MCNPX was subsequently used to 
simulate the neutron response of a pure silicon detector of the 
same size and active area of sample A2475-1. A comparison 
was drawn between the simulated SiC detector and simulated 
silicon detector response to the wide range of neutron energies 
emitted by a 
241
AmBe source. Finally an estimate of the 
intrinsic efficiencies of the simulated bulk SiC detector and 
silicon detector were obtained.   
 
III. RESULTS AND DISCUSSION 
1) Electrical Characteristics 
Fig. 1 shows the obtained current-voltage plot for the three 
mounted samples. In all three cases a low current was 
observed with A2475-1 having the lowest current of the order 
of 10
-11
 A and A2475-2 and 3 having a leakage current of the 
order of 10
-9
 A. A similar IV performance was observed for 
samples A2475-2 and A2475-3 with the slight discrepancy 
(higher current in A2475-2) most likely attributed to the size 
of the metal contact. Comparing the obtained values for the 
bulk resistivity of the SiC wafer, A2475-1 is seen to have a 
value approximately 1.5 orders of magnitude greater than that 
of A2475-2 and 3.  
 
Fig. 1.  Current - Voltage plot of three samples of semi-insulating bulk SiC 
TABLE I 
BULK RESISTIVITY OF THREE SAMPLES OF SEMI-INSULATING BULK SIC 
Sample Name Bulk Resistivity (Ω.cm) 
A2475-1 8.0  1013 ± 3.7  1013 
A2475-2 1.8  1012 ± 4.2  1012 
A2475-3 1.1  1012 ± 2.5  1012 
 
Alpha spectra were acquired using the three samples. The 
ability of the samples to reproduce results was investigated, 
with an example shown in Fig. 2. Reasonable reproducibility 
was observed in all cases, with a slight increase in amplitude 
observed between the duplicate and initial measurements. 
All three samples showed an increase in centroid channel 
number and peak width with increasing negative bias. This 
shift in channel number corresponds to the increase in electron 
CCE with bias, as seen in Fig. 3, whilst the increase in peak 
width signifies a loss in energy resolution from an increase in 
charge trapping / polarisation. (It should be noted that a far 
smaller shift in centroid channel number was observed with 
increasing positive bias. This suggests that the hole transport 
properties of these samples is significantly worse than the 
electron transport properties as the hole CCE for all three 
samples saturated at ~ 18%.) 
For samples A2475-1 and A2475-3 a maximum electron 
CCE of ~65% was observed. A significantly larger maximum 
electron CCE was observed for sample A2475-2 with a value 
of >90% obtained. A possible explanation for this variation in 
electron CCE could be either a variation in the mobility or the 
presence of deep levels within the SiC samples affecting the 
charge carrier lifetimes. Furthermore early saturation of the 
electron CCE can be explained by published values of the 
electron drift velocity in 4H-SiC which suggest that the 
saturated electron velocity is reached at 8 kV cm
-1
 (~300V in 
this case) [7] [10]. This is supported by Time of Flight 
Measurements performed on one of the additional 7 × 7 mm 
pieces of HTCVD grown, semi-insulating bulk 4H-SiC wafer 
(designated A2475-4) where no change in the electron current 
pulse time was observed above 300V. The data and fit to the  
Hecht Equation in Fig. 3 shows a systematic deviation 
between the fit and the experimental data, which is typical for 
samples showing polarisation phenomena (which will be 
discussed in the next section), which compromise the 
assumption of a constant electric field throughout the device 
thickness made in Eq. (1). An estimate of µeτe was obtained 
with A2475-2 yielding an estimate five times that of A2475-1 
and A2475-3. 
Alpha spectra acquired at a constant bias at 15 minute 
intervals (with the sample under continuous irradiation from a 
185 kBq 
241
Am source) provided strong evidence of 
polarisation within sample A2475-2 (the sample with the 
highest electron CCE and as such least likely to encounter 
polarisation problems), with a significant shift in peak centroid 
location to 75% of its initial value (a reduction in energy of 
25%) observed after the first 15 minutes. Since polarisation is 
dependent on the capture of charge carriers by deep acceptors 
within the material, leading to a build of space charge, alpha 
spectra were also acquired (at a constant bias) using a lower 
activity (3.5 kBq) 
241
Am source. This showed a reduction in 
the peak centroid location shift with time to 85% of its initial 
location (a reduction in energy of 15%) after 15 minutes 
providing further evidence of polarisation. 
 
Fig. 2. Obtained 241Am alpha spectra from sample A2475-2 at a negative bias 
of 150V. The duplicate spectrum was acquired one day after the initial spectra 
during which time the applied bias was switched off. 
 
Fig. 3. Plot of the obtained electron charge collection efficiency and 
corresponding Hecht fit for three samples of semi-insulating bulk SiC. 
TABLE II 
µEΤE VALUES FOR THREE SAMPLES OF SEMI-INSULATING BULK SIC 
Sample Name μeτe (cm
2.V-1) 
A2475-1 6  10-5 ± 1  10-5 
A2475-2 3  10-4 ± 4  10-5 
A2475-3 6  10-5 ± 1  10-5 
 
2) Fast Neutron Response 
All three samples showed a similar fast neutron response 
with a slight reduction in count rate seen between A2475-1 
and A2475-2, and A2475-2 and A2475-3. The main factor 
affecting the observed count rate is believed to be the size of 
the metal contacts, as the smaller the metal contact, the 
smaller the active region of the detector and as such a smaller 
number of neutrons are detected. 
The fast neutron response of the HTCVD samples is 
consistent with those reported by F.H. Ruddy et al. [11] for a 
CVD SiC Schottky Diodes irradiated with a 
241
AmBe source, 
with a similar shaped spectrum obtained.  
Fig. 4 shows a plot of the obtained fast neutron spectrum 
from sample A2475-1 compared to the simulated neutron 
response of a pure bulk SiC detector and pure silicon detector 
of the same size and active area of sample A2475-1. The 
distinctive features observed in the simulated responses are 
believed to originate from neutron induced reactions with the 
silicon and carbon nuclides. Neutron elastic scattering is 
possible with neutrons of all energies however other neutron 
induced reactions are also possible depending on the neutron 
energy and reaction threshold energy e.g. the peak in count 
rate at ~ 2 MeV is attributed to the 
28Si (n,n’)28Si 2+ and 
28Si(n,n’)gs reactions [11]. The distinctive features seen in the 
simulated pure bulk SiC detector are not observed in sample 
A2475-1. This is believed to be due to energy broadening 
(poor energy resolution) affecting the ability of sample 
A2475-1 to resolve the features seen in the simulated 
response. The rapid rise observed at the beginning of the fast 
neutron spectrum obtained from A2475-1 is believed to be due 
to a combination of detected neutrons and noise from the 
electronics in the system. This was confirmed by 
measurements taken performed at a distance (3 m) away from 
the shielded 
241
AmBe source which showed a significant 
reduction in the initial rise seen in the neutron spectrum. 
Overall a lower count rate to neutrons with an energy > 2 
MeV was seen in the real detector compared to the simulated 
SiC detector. This is believed to be due to defects within the 
HTCVD sample. It should be noted that since MCNPX is a 
simulation there may be limitations of the code to perfectly 
reproduce the experimental conditions (for example the pre-
amp, shaping amp, MCA and power supply are not included 
within the simulation). 
Comparing the simulated results from a pure bulk SiC 
device to a pure silicon device of the same size and active area 
of sample A2475-1 suggests a superior fast neutron detection 
ability of SiC. This is believed to be due to the resonance 
peaks in the carbon cross section for fast neutrons leading an 
increase in the neutron cross section for SiC over silicon. This 
is supported by the simulated values for the intrinsic efficiency 
of the pure bulk SiC device and pure silicon device for fast 
neutrons with SiC showing an efficiency 1.7 times greater 
than that of the silicon device. It should be noted that the value 
for intrinsic efficiency of a SiC device to a fast neutrons is far 
less than that of a MCNPX simulated 1 inch thick, 7 x 7 mm 
BC-400 polyvinyl toluene based scintillator (28.51%). This is 
due to the thickness of a typical scintillator being far greater 
than that of a semiconductor.  
 
Fig. 4. Plot of the fast neutron spectrum obtained from sample A2475-1 at a 
negative bias of 600V, compared with the MCNPX predicted spectra for an 
identically sized bulk SiC device and silicon device. 
TABLE II 
MCNPX VALUES FOR THE INTRINSIC NEUTRON EFFICIENCY OF A PURE BULK 
SIC DEVICE AND PURE SILICON DEVICE (OF DIMENSIONS 7 × 7 × 0.350 MM) 
Detector Type Intrinsic Efficiency 
Bulk SiC 0.75% 
Silicon 0.44% 
IV. CONCLUSION 
For the first time the electrical characteristics of a semi-
insulating bulk SiC wafer grown by HTCVD have been 
reported and the response of the material to fast neutron 
irradiation investigated. A low leakage current in the region of 
10
-10
 - 10
-12
 A and bulk resistivity of the order of 10
12
 - 10
13
 
Ω.cm was recorded. Alpha particle spectroscopy 
measurements taken with a 
241
Am source demonstrated an 
electron charge collection efficiency of up to 90% with 
reasonable reproducibility of the acquired spectra. Incident 
particle rate dependent polarisation was observed following a 
constant applied bias combined with alpha irradiation over a 
period of time. Fast neutrons measurements have been 
recorded using a 
241
AmBe source and a comparison drawn 
with the MCNPX simulated response of a pure bulk SiC 
device. The MCNPX simulated response of a pure bulk SiC 
device compared to that of a pure silicon device suggests a 
superior ability to detect fast neutrons with a greater intrinsic 
efficiency obtained.  
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